Aim: To investigate whether strontium ranelate (SR), a new antiosteoporotic agent, could attenuate cartilage degeneration and subchondral bone remodeling in osteoarthritis (OA). Methods: Medial meniscal tear (MMT) operation was performed in adult SD rats to induce OA. SR (625 or 1800 mg·kg -1 ·d -1 ) was administered via gavage for 3 or 6 weeks. After the animals were sacrificed, articular cartilage degeneration was evaluated using toluidine blue O staining, SOX9 immunohistochemistry and TUNEL assay. The changes in microarchitecture indices and tissue mineral density (TMD), chemical composition (mineral-to-collagen ratio), and intrinsic mechanical properties of the subchondral bones were measured using micro-CT scanning, confocal Raman microspectroscopy and nanoindentation testing, respectively. Results: The high-dose SR significantly attenuated cartilage matrix and chondrocyte loss at 6 weeks, and decreased chondrocyte apoptosis, improved the expression of SOX9, a critical transcription factor responsible for the expression of anabolic genes type II collagen and aggrecan, at both 3 and 6 weeks. Meanwhile, the high-dose SR also significantly attenuated the subchondral bone remodeling at both 3 and 6 weeks, as shown by the improved microarchitecture indices, TMD, mineral-to-collagen ratio and intrinsic mechanical properties. In contrast, the low-dose SR did not significantly change all the detection indices of cartilage and bone at both 3 and 6 weeks. Conclusion: The high-dose SR treatment can reduce articular cartilage degeneration and subchondral bone remodeling in the rat MMT model of OA.
Introduction
Osteoarthritis (OA), a leading cause of morbidity in the aging population [1] , is characterized by progressive loss of articular cartilage, subchondral bone lesions and a slight synovial reaction [2] . The search for effective agents attenuating OA progression has been an ongoing and difficult process. For decades, articular cartilage has been the main target of major basic research and pharmaceutical therapies, but recent data indicate a key role of the subchondral bone tissue in the pathogenesis of OA [3, 4] . Under physiological conditions, subchondral bone has been shown to exert important shock-absorbing functions, attenuating approximately 30% of the joint load, and to provide a mechanical base for articular cartilage in normal joints [5] . In addition, subchondral bone supplies nutrients to cartilage and facilitates the removal of metabolic waste products [6] . However, subchondral abnormalities occur during OA progression. Bone turnover, as the main biological determinant of bone mineralization, increases dramatically in the subchondral bone [3, 7, 8] , which results in disorganized bone architecture, decreased mineralization and weakened biomechanical properties [9] [10] [11] . Furthermore, osteoblasts and osteoclasts, the cellular effectors of the anabolic and catabolic processes of bone tissue, manifest abnormal functions in osteoarthritic subchondral bone [12] [13] [14] , while producing various cytokines, growth factors, prostaglandins and leukotrienes, www.nature.com/aps Yu DG et al Acta Pharmacologica Sinica npg which seep through the bone-cartilage interface, initiate a chondrocyte phenotype shift toward hypertrophic differentiation and promote cartilage degradation [15, 16] . Taken together, the present data indicate that, biologically and mechanically, abnormal subchondral bone would influence the integrity of the overlying cartilage [17, 18] . Strontium ranelate (SR), a new antiosteoporotic agent [19, 20] , is able to increase preosteoblast replication, osteoblast differentiation, collagen type I synthesis and bone matrix mineralization. Paralleling these anabolic effects, SR is able to inhibit osteoclast differentiation and activity and enhance osteoclast apoptosis. The overall effect is a rebalanced bone turnover in favor of improving bone geometry, trabecular bone morphology and intrinsic bone tissue quality, which globally results in enhanced bone strength. Moreover, SR could increase cartilage matrix formation by ionic stimulation of human knee chondrocyte anabolism in vitro [21] . A recent study found that SR could inhibit key factors that affect bone remodeling in human osteoarthritic subchondral bone osteoblasts in vitro [22] . Based on these pharmacological findings, SR would be expected to attenuate osteoarthritic joint degeneration.
The commonly used rat medial meniscal tear (MMT) model of OA has been well characterized in terms of chondropathy and subchondral bone remodeling [23, 24] . Because this model exhibits dynamic subchondral bone alteration, the cartilageand bone-preserving activities of therapeutic agents can be evaluated in this model [24] . The present study, using the established rat MMT model, investigated whether SR treatment could attenuate articular cartilage degeneration and subchondral bone remodeling.
Materials and methods

Animals
Adult male Sprague Dawley rats (12 weeks old, weighing 289±13 g) from Sino-British Sippr/BK Lab Animal Ltd (Shanghai, China) were used in the present study. The animals were group housed under a 12-h light/dark cycle with food and water available ad libitum. The animals received standard laboratory food, which contains 1.56% calcium, 0.8% phosphorus, and 800 IU/kg vitamin D. The Animal Care and Experiment Committee of the Shanghai Jiaotong University School of Medicine approved all experimental procedures.
Induction of OA
The rats were anesthetized with 10% chloral hydrate in phosphate-buffered saline (PBS, 0.01 mol/L) after 1 week of acclimatization. The MMT model was induced as previously described [23] . Briefly, the medial collateral ligament of the right knee was transected, and the medial meniscus was reflected proximally toward the femur and cut through at its narrowest point. For the controls (Sham), the wounds were closed after exposing the medial collateral ligament.
Pharmaceutical treatment
A total of 128 animals were randomly divided into four groups (n=32 per group). Pharmaceutical intervention commenced from the first postoperative day. SR (OSSEOR ® , Les Laboratoires Servier Industrie, France) prepared as a suspension in normal saline (NS) was administered daily by gavage (6 mL/kg) at two doses: low dose, 625 mg/kg (SRL); and high dose, 1800 mg/kg (SRH). The same volume of NS was given to the Sham (Sham/NS) and MMT animals (MMT/NS). Sixteen rats from each group were sacrificed at 3 and 6 weeks following the induction of OA. The doses adopted were based on previous studies on osteoporosis [25, 26] . During treatment, body weights were obtained weekly, and the drug dose was adjusted accordingly every week.
Tissue preparation
The entire knee joint was dissected and fixed in 4% paraformaldehyde for 48 h. A total of 8 joints per group at each time point were decalcified in 10% EDTA for 3 weeks. Then, the joints were bisected along the collateral ligament in the frontal plane, and both sections were embedded in the same paraffin block. The samples were cut into 5 μm sections and prepared for subsequent evaluation of cartilage degeneration, including toluidine blue O staining, TUNEL histochemistry, and SOX9 immunohistochemistry. Another 8 undecalcified joints were used for the evaluation of changes in the subchondral bone, including micro-CT imaging, confocal Raman microspectroscopy, and nanoindentation.
Histological analysis
On the basis of the OARSI recommendations for the histological assessment of osteoarthritis in the rat [24] , three sections from each knee at 200 mm steps were stained with toluidine blue O and subsequently evaluated for cartilage degeneration. Briefly, the sections were stained with 0.04% w/v toluidine blue O (Sigma, T0394) in 0.1 mol/L sodium acetate (pH 4.0) for 10 min, rinsed, air-dried and mounted.
According to OARSI recommendations [24] , cartilage degeneration was scored. The medial tibial plateau was divided into three regions of equal width and cartilage degeneration in each zone was scored 'none' to 'severe' (numerical values 0-5) using the criteria described in Table 1 . The original surface of the tissue was estimated. Then the % area of each zone that contains cartilage exhibiting loss of chondrocytes or loss of matrix was estimated and a score was assigned to that zone based on that percentage. The total cartilage degeneration score was calculated by adding the values obtained for each 
TUNEL assay
The TUNEL method was used to determine chondrocyte apoptosis in the knee joint cartilage. Three sections from each knee were processed for TUNEL histochemistry (Roche, In Situ Cell Death Detection Kit, Fluorescein, cat N 11684795910) according to the manufacturer's instructions and then counterstained with 4',6-diamidino-2-phenylindole (DAPI) to label the nuclei. Chondrocyte apoptosis was determined as the percentage of TUNEL-positive nuclei in the DAPI-labeled nuclei for each individual rat and averaged for each treatment group.
SOX9 immunohistochemistry
Three sections from each knee were selected for SOX9 immunohistochemistry. The deparaffinized and rehydrated sections were incubated with a trypsin antigen retrieval solution at 37 °C for 15 min and subsequently with 3% H 2 O 2 at room temperature (RT) for 15 min to block endogenous peroxidases. After blocking with 10% normal goat serum, the sections were incubated with rabbit anti-rat SOX9 (1:50, Santa Cruz Biotechnology, sc-20095) overnight at 4 °C. Next, the sections were incubated with goat anti-rabbit Alexa 594 (1:500, Molecular Probes, A11012) for 1 h at RT. Finally, the sections were counterstained with DAPI. The number of SOX9-positive chondrocytes was quantified. All images were acquired at 100× magnification using a fluorescence microscope (Leica DM 4000B) with BioQuant OSTEO II software (BioQuant Image Analysis Corporation, Nashville, TN). The images were analyzed with Image-Pro Plus 6.0 (Media Cybernetics).
Micro-CT imaging and analysis
Structural alterations and the tissue mineral content in the subchondral bone were evaluated using micro-CT. The knee joints were scanned by micro-CT (μCT 80; SCANCO Medical AG) with an isotropic voxel resolution of 10 μm. As shown in our previous study [27] , a portion (2.0 mm ventrodorsal length) of the load-bearing region at the medial tibial plateau was obtained as a region of interest. The following parameters for the subchondral trabecular bone were calculated: TMD, bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular spacing (Tb.Sp), trabecular number (Tb.N), and connectivity density (Cnn.D).
Confocal Raman microspectroscopy
The chemical composition of the subchondral bone tissue (mineral-to-collagen ratio, υ 1 -PO 4 3-/proline) was characterized by confocal Raman microspectroscopy (Renishaw Inc, Hoffman Estates, IL, USA), as described previously [28, 29] . After micro-CT scanning, joint samples were dehydrated in a graded alcohol series, embedded in methyl methacrylate (MMA) and sliced in the frontal plane using a Leica SP1600 saw microtome. The section surface was ground on successive grits of wet silicon carbide paper and polished by hand with 1 μm alumina slurry, and 3 sections of 30 μm thickness from each sample were obtained and analyzed. A 50× objective focused the laser (785 nm laser diode source) to a 3 μm region within the medial tibial plateau, and the Raman scattered light was collected by a spectrograph with 0.5 cm -1 spectral resolution. The measured spectra consisted of three accumulations with an integration time of 10 s each. Using custom-developed software (Matlab, Mathworks, Natick, MA), the background fluorescence in the spectra was subtracted by a modified polynomial fitting algorithm [30] . Spectra were collected from 8 trabecular locations within each section, and υ 1 -PO 4 3-/proline was calculated as the raw υ 1 phosphate peak intensity (υ 1 -PO 4 3-, 962 cm -1 ) per proline peak intensity (856 cm -1 ).
Nanoindentation testing
The mechanical properties at the tissue level were quantified by nanoindentation as described previously [31] . Following the confocal Raman microspectroscopy, the medial tibial plateau of MMA-embedded knee sections were probed using a TriboIndenter (Hysitron Inc, Minneapolis, MN). A Berkovitch diamond tip (inclination angle 142.35°, radius 200 nm) was pressed into the surface using a trapezoidal loading scheme as follows: 1) loading up to a nominal load of 1000 μN at a rate of 200 μN/s; 2) holding at P max for 5 s; and 3) unloading to zero load at a rate of 200 μN/s. Thermal drift was corrected in the measurement software (Triboscan) by measuring the indenter drift for a maximum of 40 s before the start of every indent and applying this correction to the measured data. From the resulting force-displacement curve, the elastic modulus E r and hardness H of the tissue at the point of indention (0.25 μm resolution) was calculated following the method of Oliver and Pharr [32] . Eight trabecular locations per section were chosen, and 4 indents for each location were tested and averaged per section.
Statistical analysis
All statistical analysis was performed by blinded authors who were unaware of the treatments given. The results are presented as the means±standard deviation (SD). Mann-Whitney non-parametric analyses were used to compare cartilage degeneration scores. Comparisons between groups for SOX9 immunohistochemistry, TUNEL histochemistry, micro-CT scanning, confocal Raman microspectroscopy and nanoindentation was performed with one-way analysis of variance using the LSD post-hoc test. P values less than 0.05 were considered statistically significant.
Results
Animals
Treatment of MMT rats with the low dose of 625 mg·kg -1 ·d -1 or the high dose of 1800 mg·kg -1 ·d -1 of SR for 6 weeks was welltolerated and safe, with no significant or adverse effects on animal survival and body weight. The body weight of all animals increased throughout the course of the experiment, but SR showed no significant effect on the body weight gain. (Figure 1 ), the MMT induced articular cartilage degeneration on the medial tibia platform, whereas the Sham joints showed no obvious changes at both time points. At 3 weeks, the MMT/NS joints exhibited moderate cartilage degeneration; matrix and chondrocyte loss affected the middle to deep zone, and the cartilage degeneration score was 4.75±0.7. At 6 weeks, severe cartilage degeneration occurred; matrix and chondrocyte loss deepened to the tidemark, and the cartilage degeneration score was 7.40±1.12. Compared with the MMT/NS joints, the low-dose SR treatment showed no statistical improvement in cartilage degeneration both at 3 and 6 weeks, and corresponding cartilage degeneration scores were 4.30±0.53 (P>0.05) and 6.31±1.00 (P>0.05). Meanwhile, the high-dose SR treatment effectively attenuated the cartilage degeneration at 6 weeks, with the depth and width of the matrix and chondrocyte loss significantly reduced, and the cartilage degeneration score was 5.30±0.99 (P<0.01) at 6 weeks.
Effect of SR treatment on articular chondrocyte apoptosis
Representative images of articular chondrocyte apoptosis as evaluated by TUNEL histochemistry are shown in Figure 2 . Effect of SR treatment on subchondral microarchitecture and TMD The micro-CT scans and analysis ( Figure 4 ) clearly demonstrated that the subchondral trabecular bone in the Sham/ NS groups was regularly aligned, but that obvious abnormal trabecular bone was present in the MMT/NS groups. In addition, TMD and BV/TV were decreased at 3 and 6 weeks, Tb.Th was thinned at 3 weeks and thickened at 6 weeks, Tb.Sp was broadened at 3 weeks and narrowed at 6 weeks, and Tb.N and Cnn.D were reduced at both 3 and 6 weeks in the MMT/ NS animals. These abnormal microstructure indices and TMD were significantly improved in the animals treated with SR at the high dose at both 3 and 6 weeks, whereas no significant improvement was observed in the animals treated with SR at the low dose, although the latter did show a tendency to improve.
Effect of SR treatment on subchondral bone mineral-to-collagen ratio
The mineral-to-collagen ratio (υ 1 -PO 4 3-/proline) of the subchondral bone tissue calculated as υ 1 -PO 4 3-peak intensity per proline peak intensity using confocal Raman microspectroscopy is shown in Figure 5 . No significant difference in the mineral-to-collagen ratio among groups was observed at 3 weeks post-MMT operation, but at 6 weeks, the MMT/NS animals showed a reduction in υ 1 -PO 4 3-/proline (6.93±1.66) compared with the Sham/NS animals (9.84±1.25, P<0.01). The reduced ratio was significantly improved by the high-dose SR treatment but not by the low-dose (8.33±1.92, P>0.05 for the SRL animals and 9.01±1.43, P<0.05 for the SRH animals).
Effect of SR treatment on intrinsic bone mechanical properties
The intrinsic bone tissue mechanical properties, displayed as elastic modulus E r and hardness H and quantified by nanoindentation, are shown in Figure 6 . Overall, the SR treatment at the high dose improved the reduced mechanical properties of subchondral trabecular bone induced by MMT. Specifically, compared with 20.43±3.37 GPa at 3 weeks and 21.12±3.96 GPa at 6 weeks for the Sham/NS animals, the elastic modulus was reduced to 15.95±3.09 GPa (P<0.01) and 14.14±3.86 GPa (P<0.01), respectively, for the MMT/NS animals. In contrast, the decreased elastic modulus in the MMT/NS animals was significantly improved by the high-dose SR treatment (20 GPa to 0.91±0.15 GPa, P<0.05 at 3 weeks and 0.69±0.13 GPa to 0.94±0.15 GPa, P<0.01 at 6 weeks), which was significantly preserved by the SR treatment at the high dose (0.89±0.16 GPa, P<0.05 at 3 weeks and 0.85±0.12 GPa, P<0.01 at 6 weeks) but not by the low dose (0.82±0.12 GPa, P>0.05 at 3 weeks and 0.78±0.12 GPa, P>0.05 at 6 weeks).
Discussion
The well-established MMT model was employed in the present study to mimic clinically relevant OA degeneration [33] . Consistent with previous results [24, 34, 35] , the present study demonstrated that the MMT operation induced articular cartilage pathology, indicated by cartilage matrix and chondrocyte loss, increased chondrocytes apoptosis and decreased SOX9 expression.
Normal articular chondrocytes express SOX9, a critical transcription factor responsible for the expression of the anabolic genes type II collagen and aggrecan [36] . SOX9 plays key roles in cartilage development and maintenance of the chondrocyte phenotype [37] . The downregulation of SOX9 is one characteristic change of cartilage degeneration in OA [38, 39] . The present findings demonstrated that SR treatment at 1800 mg·kg -1 ·d -1 significantly improved SOX9 immunoexpression in the rat MMT OA model. However, whether SR has a direct regulatory effect on the expression of SOX9 in the chondrocytes is not clear. Bone is a complex tissue, with its overall properties depending not only on quantity but also on quality, characterized by its structure and material composition (mineral and collagen) [40] . Therefore, to evaluate the overall properties of subchondral bone, the current study examined the commonly used microarchitecture indices and the potential changes in TMD and υ 1 -PO 4 3-/proline. In addition, nanoindentation, which has emerged as a powerful tool to investigate variations in the mechanical properties of trabecular and cortical bone [41, 42] , was used to assess the intrinsic mechanical properties (hardness and modulus) of subchondral trabecular bone. The current data demonstrated that the MMT model showed decreased TMD, υ 1 -PO 4 3-/proline and intrinsic mechanical properties of the subchondral trabecular bone; these findings are in accordance with previous results showing that subchondral bone from OA patients displayed a higher turnover rate, decreased mineralisation, elevated collagen content, and weaker mechanical strength [9, 43] . Previous studies have revealed that targeting subchondral bone with bone-modifying agents [4] , such as bisphosphonates, estrogens, calcitonins, osteoprotegerin, PTH , have protective effects on subchondral bone and articular cartilage in OA with or without osteoporosis. SR, unlike any other bonemodifying drug, has a dual effect on bone remodeling, being able to stimulate bone formation by osteoblasts, a property shared with bone-forming agents, and inhibit bone resorption by osteoclasts, similar to anti-resorptive agents [19, 20] . SR has displayed the ability to rebalance bone turnover, improve bone morphology, preserve the degree of mineralization, and restore bone biomechanical properties in in vitro, pre-clinical and clinical studies [19, 20, 44] . The current study demonstrated that oral SR treatment at 1800 mg·kg -1 ·d -1 was able to attenuate articular cartilage degeneration in the rat MMT model while effectively preserving the properties of subchondral bone, as indicated by improvements in morphology, microarchitecture indices, TMD, υ 1 -PO 4 3-/proline and intrinsic mechanical properties.
Strontium (Sr
2+
) has a great affinity for bone. Sr 2+ is incorporated into crystal lattice of the bone mineral by ionic exchange with bone Ca 2+ [45] . Thus, the incorporation of Sr 2+ by itself may have an effect on the physical properties of bone, correspondingly, which may partly contribute to the change of our indentation results after SR administration. However, in treated animals, even with large doses over a long period of time, the total amount of Sr 2+ in bone is always very low as compared with calcium (only a few percent of the bone calcium content), because a theoretical maximum of one calcium atom out of ten can be substituted by a Sr 2+ [45] . Compared with its effect on osteoblast/osteoclast function, the incorporation of Sr 2+ into bone should play a small role in the changes of indentation results.
Earlier studies have shown that SR treatment at a dose of 625 mg·kg -1 ·d -1 led to a blood strontium concentration in experimental rats corresponding to that in patients administered the therapeutic dose of 2 g/d and demonstrated an improvement in the trabecular and cortical bone tissue architecture, mass, quality and strength in rats with or without osteoporosis [25, 46, 47] . However, the current data demonstrated that the commonly used dose of 625 mg·kg -1 ·d -1 showed no statistical improvement in the subchondral bone pathology in the rat MMT model, although tendencies toward improvement were observed. This difference was also observed in previous studies that investigated the effect of other bonemodifying agents and found that a higher dose than that used in osteoporosis treatment may be needed to inhibit joint degeneration [4] . One potential explanation for this difference may be that the subchondral bone turnover in osteoarthritis is much higher than that occurring in osteoporosis, which could not be antagonized effectively by the routine dose of bone-modifying agents. Another possibility may be that the disease progression is fast in this MMT model, which leaves a relatively small window for potential pharmaceutical testing; thus, pre-dosing animals to steady state plasma concentrations prior to initiating the MMT surgery may be desirable [33] . The current findings that SR treatment exerts a favorable SR was reported to reduce the progression of radiographic features of spinal OA in patients with concurrent osteoporosis and spinal OA [48] and reduce the urinary level of the type II collagen degradation biomarker CTX-II in postmenopausal women [49] and in postmenopausal women with different clinical levels of OA [50] . In conclusion, using the rat MMT OA model, the present findings indicate that oral SR treatment could reduce the articular cartilage and subchondral bone pathology and support further evaluation of the therapeutic potential of SR treatment.
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